ABSTRACT: Integrated single-photon sources with high photonextraction efficiency are key building blocks for applications in the field of quantum communications. We report on a bright singlephoton source realized by on-chip integration of a deterministic quantum dot microlens with a 3D-printed multilens micro-objective. The device concept benefits from a sophisticated combination of in situ 3D electron-beam lithography to realize the quantum dot microlens and 3D femtosecond direct laser writing for creation of the micro-objective. In this way, we obtain a high-quality quantum device with broadband photon-extraction efficiency of (40 ± 4)% and high suppression of multiphoton emission events with g (2) (τ = 0) < 0.02. Our results highlight the opportunities that arise from tailoring the optical properties of quantum emitters using integrated optics with high potential for the further development of plug-and-play fiber-coupled single-photon sources. KEYWORDS: single-photon source, 3D lithography, 3D direct laser writing, semiconductor quantum dot, micro-objective A dvanced nanofabrication techniques have led to substantial progress in the development of solid-state-based single-photon sources.
A dvanced nanofabrication techniques have led to substantial progress in the development of solid-state-based single-photon sources. 1 Self-assembled semiconductor quantum dots (QDs) are of particular interest, as they allow for the generation of single-photon states with strong suppression of multiphoton events 2−4 and almost ideal photon indistinguishability. 4−6 Beyond that, advanced schemes of quantum computation 7−9 and communication benefit from quantum light sources that emit entangled photon pairs.
10−14 Such quantum light states can be generated via the biexciton−exciton (XX−X) radiative cascade in QDs. 15−17 Broadband photon extraction is needed to harvest such photon pairs, which usually have emission energies separated by the biexciton binding energy of typically a few millielectronvolts. 18 In addition, the far-field emission pattern needs to be shaped to match acceptance angles of different light-collecting optics. For instance, the emission profile of a single-photon source has to be optimized in order to provide high coupling efficiency to low-NA optical fibers in practical quantum devices. 3, 19, 20 The combination of a QD with a DBR backside mirror and a monolithic lens was recently shown to serve as a broadband single-photon source, 2 with an extraction efficiency of up to 29% for collection optics with a numerical aperture (NA) of 0.4. 21 Here, the extraction efficiency η is limited by the rather moderate directionality of emission of the QD microlens, which leads to a strong NA dependence of η. This is of particular importance in the case of optical fibers with intrinsically small NA. As a consequence, it limits the performance of the standard microlens concept as sources for fiber-based quantum communication. This issue can be overcome by the on-chip combination of a QD microlens with a high-NA microobjective as detailed in this Letter.
Here, we report on the realization of an efficient and broadband single-photon source fabricated by combining in situ electron-beam lithography (EBL) and optical 3D laser writing. The device is based on a single InGaAs QD that is deterministically integrated into a GaAs microlens by in situ EBL on top of a back-side distributed Bragg reflector (DBR). It is combined with a multilens micro-objective aligned and written with sub-micrometer accuracy to the microlens by means of 3D femtosecond direct laser writing. 22−26 In this way, we achieve a high-quality quantum light source with broadband extraction efficiency of up to 40% and excellent quantum optical properties in terms of multiphoton suppression associated with g (2) (τ = 0) < 0.02. Our results emphasize the high potential of integrated micro-optics to enhance the performance of quantum-light sources. In the future it could enable direct fiber coupling of quantum emitters in practical and stand-alone single-photon sources.
■ DEVICE DESIGN AND FABRICATION
To implement the microlens/micro-objective concept visualized in Figure 1a and b, we first optimized the QD microlens by using numerical simulations with a finite-element solver 27 in terms of maximizing the calculated extraction efficiency η S . Maximum photon-extraction efficiency at our target wavelength of λ = 930 nm is obtained for a hemispherical lens with a base width of 2400 nm and a height of 420 nm. Figure 1c displays the corresponding calculated photon-extraction efficiency as a function of the NA of the collection optics. While obtaining η S values of up to 60% for NAs close to unity, there is a strong decrease of η S for numerical apertures below 0.4. Going beyond the basic microlens concept and exploiting enhanced light collection by a high-NA micro-objective, the effective collection efficiency of the combined microlens/micro-objective device will be significantly increased. The expected effect is illustrated in Figure 1c , which demonstrates that the integrated objective should enhance the extraction efficiency by about 30% from η S (0.4) = 31% (dashed red lines) to η S (0.7) = 41% (dashed blue lines). The expected improvement would be even more significant when considering light collection by an optical fiber, which usually has an NA of 0.2 to 0.3 in the multimode and 0.1 to 0.2 in the single-mode case. Here, a microlens/microobjective device together with an optimized lens design for mode matching between device and fiber will be very beneficial. If the basic QD microlens was already mode-matched to the fiber, Figure 1c would predict an additional enhancement by a factor of 2 to 10 for the microlens/micro-objective device (depending on the actual NA of the fiber). We note that in the present proof-of-principle work we optimized the QD microlens and the multilens micro-objective independently, mainly because of numerical limitations. The QD microlens was optimized for light collection by an external macroscopic objective with an NA of 0.4, and the micro-objective was supposed to collect light from an isotropic point source with conversion into a collimated beam. Hence, we expect that η can be further enhanced beyond the reported values by optimizing the combined QD microlens/micro-objective system while taking into account the characteristics of the external light collection optics.
On the basis of these theoretical considerations we implement our device concept using self-organized InGaAs QDs as single-photon emitters. The respective sample was grown by metal−organic chemical vapor deposition on a GaAs(001) substrate. A single layer of InGaAs QDs with an areal density of 10 8 cm −2 was positioned 67 nm above a DBR composed of 23 pairs of λ/4-thick Al 0.9 Ga 0.1 As/GaAs layers. Finally, the QDs were capped by a 420 nm thick GaAs layer to provide material for the monolithically integrated microlenses in the subsequent nanofabrication process. This process is based on in situ electron-beam lithography, which we use to deterministically integrate single, preselected QDs into microlenses. The process includes low-temperature cathodoluminescence spectroscopy to identify suitable QDs in combination with 3D low-temperature EBL to write lens-shaped structures into AR-P 6200 (CSAR 62) as low-temperature electron-beam resist. 28 In the final step, the lens shapes are transferred into the 420 nm thick GaAs capping layer by inductively coupled plasma reactive-ion etching. A scanning-electron microscopy image of a microlens is shown in Figure 2a . We refer to ref 2 for more details on the microlens fabrication process.
The device processing continues with the on-chip integration of high-NA micro-objectives precisely aligned with the patterned QD microlenses. In the present work we use micro-objectives formed by a double lens system, which allow us to collect light within an NA of 0.7 and to direct it to the collection optics. We designed the lens system by using geometrical optics via the ray-tracing software Zemax (see Figure 1b ) and assumed the QD to act as an ideal point source.
In the optimum design the use of four aspherical surfaces allows us to achieve the targeted NA of 0.7. The design also provides a significant field of view of approximately 30 μm (see Figure  1b) , which simplifies the alignment between the microobjective and the QD microlens. To realize the microobjectives, we apply 3D femtosecond direct laser writing based on two-photon absorption. 22−26 While this appealing technique has already been used for around two decades, 29, 30 only recent advances in resolution 31 have paved the way for the fabrication of sub-micrometer accurate free-form optics. For instance, the integration on LED chips 32 and manufacturing of multilens structures on the tip of a fiber 24 demonstrated the wide range of possible applications of this technique. Here, it was conducted by focusing a femtosecond laser with a wavelength of 780 nm into a UV-sensitive photoresist applied on the sample. The photoresist is polymerized via two-photon absorption at 390 nm in a small volume element around the laser focus, resulting in sub-micrometer resolution. By moving the focus in a computer-controlled fashion through the photoresist, arbitrary shapes can be written, which after the development process are forming the optical system. The high resolution makes this method suitable for the fabrication of high-quality optical elements and their accurate alignment with respect to our microlens. Figure 2b depicts a scanning electron microscopy picture of the final device.
■ RESULTS AND DISCUSSION
Device characterization was performed by means of microphotoluminescence (μPL) spectroscopy at 10 K under continuous wave (cw) and pulsed excitation ( f = 80 MHz) with a laser emitting at a wavelength of 671 nm. A microscope objective with an NA of 0.4 was used to collect the emission, which was spectrally dispersed by a monochromator and detected by a Si charge-coupled device camera with an overall spectral resolution of 25 μeV. To evaluate the photonextraction efficiency η M under pulsed optical excitation, the emission was detected using single-photon counting modules with a timing resolution of 350 ps. For this configuration, we determined a setup efficiency of η setup = (2.5 ± 0.3) × 10 −3 according to ref 33 . Figure 3a displays a μPL spectrum (red trace) of a typical QD microlens before processing of the micro-objective. The relevant emission lines are identified as neutral exciton X at a wavelength of 949.2 nm, the charged states X + at 947.3 nm and X − at 950.2 nm, and the biexciton XX at 950.9 nm by polarization and excitation-power-dependent μPL measurements. In order to determine the extraction efficiency of the QD microlens, we summed up the intensities of these three excitonic complexes in saturation and obtained η M w/o = (17 ± 2)%. This value is somewhat lower than expected from theory and as compared to 23% as reported in ref 2, which could be related to a slight lateral displacement of the QD with respect to the center of the microlens, resulting in lower values for η (see ref 2) .
Next, we study the combined microlens/micro-objective device based on the same QD microlens as discussed above. For a better comparison we present the spectra before and after fabrication of the micro-objective jointly in Figure 3a , each recorded at the saturation pump power of the excitonic states. Both traces show the same spectral fingerprint except for a blue-shift by about 0.2 nm in the case of the fully processed microlens/micro-objective device. All excitonic lines exhibit a significant increase in count rates after application of the microobjective, where the X + line exhibits the largest emission intensity and the strongest relative increase of intensity when compared to the other excitonic lines. The latter indicates a change in excess carriers at the QD position. The blue-shift can be attributed to an altered strain configuration due to the micro-objective and its posts around the microlens. A similar effect was observed for a 3D-printed solid-immersion lens above a QD 26 and for intentionally applied compressive strain via a near-field optical fiber probe. 34 The overall extraction efficiency was determined as described above for the reference structure without micro-objective and considers again the summed intensity of X, X + , and X − at saturation. In comparison to the results without a microobjective the photon-extraction efficiency has increased strongly by a factor of 2.3 to a record value of η M = (40 ± 4)%, clearly outperforming the maximum value of η M = 29% obtained for a bare QD microlens. 21 This result is in very good agreement with the simulated efficiency of 41% for an NA of 0.7 of the collection optics as shown in Figure 1c . Interestingly, the relative increase of η ext is much larger than expected. This could indicate that the combined microlens/micro-objective device is more tolerant with respect to a lateral misalignment of the QD in the microlens, which possibly limited η M w/o in the reference measurement without a micro-objective. This assumption is supported by two more QD microlens/microobjective devices (not shown here). For those the basic QD− microlens performance was rather poor due to a presumably larger misalignment between mircrolens and QD. However, the increase in extraction efficiency after addition of the microobjective amounted to factors of 2.4 and 3.1, respectively, which correspond very well to the previously reported value of 2.3.
A further attractive aspect of the microlens/micro-objective concept relates to its light-focusing capabilities. This leads to a more efficient excitation of the QD, as demonstrated in Figure   Figure 3 . 3b, which displays the excitation power dependence of the sum intensity (of X, X + , and X − emission) of the QD microlens with and without a micro-objective. Apart from the increase of emission intensity as reported above, the required saturation pump power is reduced by more than one order of magnitude by adding the micro-objective, an effect that we attribute to the combined focusing effect of the micro-objective and the objective of the μPL setup. This specific feature could be particularly attractive for coherent nonlinear spectroscopy, 35 as the local excitation is more efficient. Also, resonance fluorescence experiments might benefit from the in principle lower amount of laser stray light when less incident laser power is required. Whether the additional surfaces of the multilens system diminish this positive effect by introducing more scatter sites has to be identified experimentally. In the future, antireflection coatings on the microlenses could reduce possible scattering effects.
Finally, we address the quantum nature of the emission of our microlens/micro-objective device. For this purpose the sample is analyzed with a fiber-coupled Hanbury-Brown and Twiss setup (temporal resolution: 350 ps), which is equipped with a wavelength-tunable Ti:sapphire laser providing picosecond light pulses at a repetition rate of 80 MHz. This configuration allows us to demonstrate the quantum nature of emission by measuring the second-order photon autocorrelation function. We applied pulsed wetting-layer excitation at λ = 850 nm at an excitation power of P = 87 nW, leading to saturation of the X + line. Figure 4 presents the measured histogram for the second-order photon autocorrelation function g (2) (τ). The central peak at τ = 0 almost vanishes, demonstrating strong suppression of multiphoton emission events. To determine the multiphoton suppression relevant for practical applications, we compare the integrated area of the central peak A 0 with the average area A of all peaks at τ ≠ 0.
we clearly demonstrate the single-photon emission of our source. The g (2) (τ = 0) itself is smaller than 0.02, as extracted from the inset of Figure 4 . This inset also gives more insight into the limiting factor for g (2) (0) area . Indeed, the central dip at zero delay together with the characteristic maxima of g (2) (τ) at small delays clearly indicates that the nonideal suppression of multiphoton emission is related to recapture of charge carriers and subsequent emission of photons. The underlying mechanism can be explained by additional charge carriers, which are created by the nonresonant excitation and remain in wetting layer states or are captured by charge traps. 36, 37 These states repopulate the QD after the initial emission event with characteristic time delay τ cap . 38 The subsequent decay with a time constant τ dec results in a secondary photon emission, which explains the correlation counts for small delay times. Taking this process into account, we are able to describe the experimental g (2) (τ) for small |τ| < 3 ns on the basis of ref 39
exp (2) dec cap (1) and fitting leads to τ cap = (0.78 ± 0.05) ns and τ dec = (0.85 ± 0.06) ns (see red trace in the inset of Figure 4 ). On the basis of this analysis we anticipate further improved values of g (2) (0) area by applying resonant excitation, which should reduce the detrimental impact of recapture processes.
■ SUMMARY AND OUTLOOK
In summary, we efficiently combined two advanced 3D lithography techniques to gain a high-performance singlephoton source with high extraction efficiency and very good quantum optical properties. The on-chip integrated microobjective effectively collects emission from the QD microlens, which results in an overall photon-extraction efficiency of (40 ± 4)% into the external collection optics with an NA of 0.4. At the same time, an excellent single-photon purity is maintained and the required excitation power is decreased by one order of magnitude. The presented work demonstrates an appealing technology for NA-optimized transfer of quantum light from a single semiconductor QD into external optics. We expect that further optimization of our concept, by using micro-objectives with NAs close to unity, will make it a very promising approach for realizing highly efficient fiber-coupled single-photon sources. In combination with a compact Stirling cryocooler 40 this could pave the way toward bright and user-friendly standalone single-photon sources. 
